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A subpopulation of chick retinal projection neurons becomes tetraploid during development, an event prevented by blocking antibodies
against p75neurotrophin receptor (p75NTR).Wehaveused anoptimized flowcytometric assay, basedon the analysis of unfixedbrain cell
nuclei, to studywhetherp75NTR-dependentneuronal tetraploidization takesplace in the cerebral cortex, giving rise toprojectionneurons
as well. We show that 3% of neurons in both murine neocortex and chick telencephalic derivatives are tetraploid, and that in the mouse
85%of theseneurons express the immediate early genesErg-1 andc-Fos, indicating that theyare functionally active. Tetraploid cortical
neurons (65–80%) express CTIP2, a transcription factor specific for subcortical projection neurons in the mouse neocortex. During the
period inwhich these neurons are born, p75NTR is detected indifferentiatingneuronsundergoingDNAreplication.Accordingly, p75NTR-
deficient mice contain a reduced proportion of both NeuN and CTIP2-positive neocortical tetraploid neurons, thus providing genetic
evidence for the participation of p75NTR in the induction of neuronal tetraploidy in the mouse neocortex. In the striatum tetraploidy is
mainly associated with long-range projection neurons as well since80% of tetraploid neurons in this structure express calbindin, a
marker of neostriatal-matrix spiny neurons, known to establish long-range projections to the substantia nigra and globus pallidus. In
contrast, only 20%of tetraploid cortical neurons express calbindin, which ismainly expressed in layers II–III, where CTIP2 is absent.We
conclude that tetraploidy mainly affects long-range projection neurons, being facilitated by p75NTR in the neocortex.
Introduction
Cumulative evidence indicates that a number of structures in the
normal nervous system of higher vertebrates contains both glia
(Westra et al., 2009) and neurons with double the normal
amount of nuclear DNA (i.e., somatic tetraploidy). The neural
structures in which somatic tetraploid neurons have so far been
described include the human entorhinal cortex (Mosch et al.,
2007), themouse retina (Morillo et al., 2010) and the retina, optic
lobes, dorsal root ganglia, cerebellum, and spinal cord of the
posthatch chick (Morillo et al., 2010; Lo´pez-Sa´nchez et al., 2011).
In the normal adult nervous system, somatic tetraploid neu-
rons are likely generated during development. In the chick retina,
these neurons derive from a subpopulation of differentiating ret-
inal ganglion cells (RGCs) that reactivate the cell cycle and be-
come tetraploid as they migrate out to the adult ganglion cell
layer (Morillo et al., 2010). Cell cycle re-entry in these neurons is
induced by the neurotrophin receptor p75 (p75NTR), a molecule
with multiple functions including cell cycle regulation in neural
cells (Lo´pez-Sa´nchez and Frade, 2002). This was demonstrated
by the capacity of blocking anti-p75NTR antibodies to prevent cell
cycle re-entry and tetraploidy in differentiating RGCs (Frade,
2000; Morillo et al., 2010). The mechanism used by p75NTR to
force cell cycle re-entry in these neurons has been shown to de-
pend on its capacity to induce p38MAPK-dependent phosphory-
lation of the E2F4 transcription factor (Morillo et al., 2012).
In the chick retina neuronal tetraploidization occurs in a pop-
ulation of large RGCs innervating deep layers of the target tissue,
the optic tectum (Morillo et al., 2010). Nevertheless, it is unclear
whether tetraploidy affects long-range projection neurons in
other structures of the normal nervous system as well, and
whether p75NTR participates in neuronal tetraploidization in
these structures.
We have focused on the mouse cerebral cortex to explore the
presence of projection neurons with double the amount of DNA
in their nuclei. We show that a small proportion of functionally
active cortical neurons are tetraploid, and thatmost of these neu-
rons express CTIP2, a transcription factor specific for long-range
projection neurons (Arlotta et al., 2005). The presence of tetrap-
loid CTIP2-positive neurons is evolutionarily conserved since we
observed a similar proportion of these neurons in the chick
telencephalon. We also provide genetic evidence for the in-
volvement of p75NTR in neuronal tetraploidization since the
proportion of these neurons is reduced in the cortex of the
p75NTR/mice. This observation is consistentwith the presence
of double p75NTR-/III-tubulin-positive cells undergoing DNA
Received Aug. 10, 2012; revised Feb. 26, 2013; accepted March 21, 2013.
Author contributions: N.L.-S. and J.M.F. designed research; N.L.-S. performed research; N.L.-S. analyzed data;
J.M.F. wrote the paper.
This study was supported by grants from the “Ministerio de Ciencia e Innovacio´n” (BFU2009–07671 and
SAF2012-38316) and “Fundacio´n Areces” (CIVP16A1815). N.L.-S. acknowledges a JAE-Doc contract (JAEDoc026,
2008 call) from the CSIC program “Junta para la Ampliacio´n de Estudios” cofunded by the European Social Fund.We
thank M.V. Chao for the antibody [9650], J.A. Barbas and A.V. Morales for the anti-Sox5 antibody, and M. Nieto for
discussion about this work. The monoclonal antibody G3G4 (S. Kaufman) was obtained from the Developmental
Studies Hybridoma Bank (University of Iowa).
The authors declare no competing financial interests.
Correspondence should be addressed to Jose´ María Frade, Cajal Institute, CSIC, E-28002 Madrid, Spain. E-mail:
frade@cajal.csic.es.
DOI:10.1523/JNEUROSCI.3849-12.2013
Copyright © 2013 the authors 0270-6474/13/337488-13$15.00/0
7488 • The Journal of Neuroscience, April 24, 2013 • 33(17):7488–7500
synthesis in the cortical neuroepithelium during the period of
neurogenesis of CTIP2-positive neurons, as previously described
in the chick retina (Morillo et al., 2010). In contrast with this
latter tissue, differentiating cortical neurons that reactivate the
cell cycle were observed to express Rb. Finally, we show that in the
striatum, neuronal tetraploidy is also associated with projection
neurons, thus suggesting that neuronal tetraploidization in ver-
tebrates mainly occur in this type of neurons.
Materials andMethods
Animals. Original breeding pairs of mice heterozygous for a mutation
targeted to the third exon of the Ngfr gene encoding a form of p75NTR
that lacks its capacity to interact with its ligands (B6.129S4-Ngfrtm1Jae/J
p75NTR/ mice) (Lee et al., 1992) were obtained from The Jackson
Laboratory. These functional knock-out mice were inbred to produce all
three genotypes. Wild-type control (p75NTR/) mice and homozygous
mice for theNgfrmutation (p75NTR/) were used in the present study.
Genotypes were determined by genomic PCR as previously described
(Frade and Barde, 1999). Males and females were used interchangeably
with no differences between genders. C57BL/6J mice (Harlan) were also
used in this study. Pregnant females were identified by the presence of a
vaginal plug. The day of plug observation was designed for embryonic
day 0.5 (E0.5). Embryos were staged as described by Kaufman (1992).
Fluorescent, ubiquitination-based cell cycle indicator (Fucci) mice
[B6.B6D2-Tg(Fucci)504Bsi mice] (Sakaue-Sawano et al., 2008) were
provided by Amalgaam. Fertilized eggs from White Leghorn hens were
obtained from a local supplier (Granja Santa Isabel) and were incubated
at 38.5°C in an atmosphere of 70% humidity. Posthatch chicks (7 d old)
were used in this study. Experimental procedures were approved by the
Consejo Superior de Investigaciones Científicas (CSIC) animal ethics
committee, in accordance with the European Union guidelines.
Primary and secondary antibodies. The rabbit polyclonal antiserum
[9650] against the extracellular domain of human p75NTR (Massa et al.,
2006) was a kind gift fromMoses V. Chao (New York University), and it
was diluted 1/800 for immunohistochemistry. The mouse monoclonal
antibody (mAb) anti-III-tubulin (Millipore) was used at 1/1300 for
immunohistochemistry. The ratmAb anti-CTIP2 antibody (Abcam)was
used at 1/500 for immunohistochemistry and 1/400 for flow cytometry.
The rabbit anti-calbindin-D28k (Swant) was used 1/800 for flow cytom-
etry. Bromodeoxyuridine (BrdU) was visualized by immunohistochem-
istry with a 1/200 dilution of the rat mAb BU1/75 (ICR1; Serotec). The
rabbit anti-Erg-1 mAb (clone T.126.1; Thermo Scientific) was used at
1/400 dilution for flow cytometry. The rabbit anti-c-Fos (9F6) antibody
(Cell Signaling Technology) was used at 1/200 dilution for flow cytom-
etry. The rabbit anti-Rb antibody raised against a peptide derived from
the human Rb sequence around S780 (Abcam) was used at 1/75 dilution
for immunohistochemistry. The rabbit anti-phosphoRb (Ser795) anti-
body (Cell Signaling Technology) was used at 1/100 dilution for immu-
nohistochemistry. The rabbit polyclonal antibody 32A-III against Sox5
(Perez-Alcala et al., 2004) was kindly provided by J.A. Barbas (Cajal
Institute, Madrid, Spain). This antibody was used at 1/1000 dilution for
flow cytometry. All secondary antibodies were purchased from Invitro-
gen. The Alexa Fluor 594 goat anti-rabbit antibody was used at a 1/1000
dilution for immunohistochemistry. The Alexa Fluor 647 donkey anti-
mouse and the Alexa Fluor 488 goat anti-rat antibodies were used at
1/1000 for immunohistochemistry and 1/500 for flow cytometry. The
Alexa Fluor 488 goat anti-mouse, the Alexa Fluor 488 goat anti-rabbit,
and the Alexa Fluor 647 goat anti-rabbit antibodies were diluted 1/500
for cytometric studies.
In vivo BrdU treatment. Pregnant female C57BL/6J mice were intra-
peritoneally injected with BrdU in PBS (50 g/g body weight) and killed
30 min later.
Immunohistochemistry. For immunohistochemistry, mouse embry-
onic brains were fixed for 8–12 h at 4°C with 4% paraformaldehyde.
Adult mice were perfused intracardially and the brain was then fixed for
18 h at the same conditions as above. Fixed tissue was cryopreserved
overnight (O/N) at 4°C in PBS containing 30% sucrose (Merck), and
embedded in the OCT compound Tissue-Tek (Sakura). Cryosections
(12m, embryos; 20m, adults) were permeabilized and blocked for 1 h
at room temperature (RT) in PBS containing 0.1%TritonX-100 (Sigma)
and 10% fetal calf serum (FCS) (Invitrogen), and they were then incu-
bated O/N at 4°C with the primary antibody in PBS/0.1% Triton X-100
plus 1% FCS. After five washes with PBS/0.1%Triton X-100, the sections
were incubated for 1 h at RT with the secondary antibodies. The sections
were finally washed five times in PBS/0.1% Triton X-100, and incubated
with 100 ng/ml 4,6-diamidino-2-phenylindole (DAPI; Sigma) in PBS
before mounting in glycerol/PBS (1:1). BrdU labeling was revealed using
a previously described protocol (Lo´pez-Sa´nchez et al., 2011). Briefly,
cryosections were permeabilized with 0.1% Triton X-100 in PBS for 10
min at RT, rinsed twicewith PBS, and incubated for 30min at 37°C in 100
mM Tris-HCl buffer, pH 8.5, containing 2.5 mM MgCl2, 0.5 mM CaCl2,
and 10 g/ml DNase I (Roche). Then, cryosections were rinsed twice
with PBS and subjected to immunohistochemistry as described above.
Terminal deoxynucleotidyl transferase-mediated dUTP nick end label-
ing. Apoptosis was analyzed in cryosections (20 m) and isolated nuclei
using the in situ cell death detection kit (ROCHE) following the manu-
facturer’s instructions.
Cell nuclei isolation. Fresh-frozen mouse and chicken tissues (one
mouse hemicortex or one chick telencephalic hemisphere)were placed in
2.5 ml of ice-cold, DNase-free PBS containing 0.1% Triton X-100
(Sigma) and protease inhibitor mixture (Roche) (nuclear isolation buf-
fer). Cell nuclei were then isolated by mechanical disaggregation using a
dounce homogenizer. Undissociated tissue was removed by centrifuga-
tion at 200 g for 1.5 min at 4°C. The supernatant was eightfold diluted
with nuclear isolation buffer and centrifuged at 400 g for 4 min at 4°C.
Supernatant with cellular debris was discarded, and the pellet incubated
at 4°C in 800–1000 l of cold nuclear isolation buffer for at least 1 h,
before mechanical disaggregation by gently swirl of the vial. In some
cases, pellets were resuspended in ice-cold 70% ethanol/PBS and fixed
O/N at 4°C as described byWestra et al. (2010). The quality and purity of
the isolated nuclei was analyzed microscopically after staining with 100
ng/ml DAPI.
Cell isolation. Fresh mouse cortex or striatum was placed in Ca2-
Mg2-free PBS containing 3 mg/ml bovine serum albumin (BSA), and
then treated with 0.5 mg/ml trypsin (Worthington) for 35 min at 37°C.
Reactions were stopped by adding 0.5 mg/ml soybean trypsin inhibitor
(Sigma). DNase I (10l) prepared at 1g/l in PBSwas then added; and
the cells were subsequently dissociated by gentle trituration. Cells were
centrifuged at 300  g for 5 min at RT. Pellets were washed twice with
PBS to remove cell debris, and then they were fixed O/N at 4°C in 70%
ethanol/PBS.
Flow cytometry. Nuclear immunostaining was performed by adding
primary and secondary antibodies to 400 l of isolated unfixed nuclei
containing 5%FCS and 1.25mg/ml BSA. In control samples, the primary
antibodies were excluded. Finally, the reaction was incubatedO/N at 4°C
in the dark. Ethanol-fixed nuclei were centrifuged at 600 g for 4min at
4°C, washed twice with disaggregation buffer, and immunostained as
described above. Immunostained nuclei (400l) were filtered through a
40mnylon filter, and the volume adjusted to 800–1000l withDNase-
free PBS-0.1% Triton X-100 containing propidium iodide (PI; Sigma)
and DNase-free RNase I (Sigma) at a final concentration of 40 and 25
g/ml, respectively, and incubated for 30 min at RT. The quality of the
nuclei and specificity of immunostaining signal was checked by fluores-
cence microscopy. Dissociated cells were immunolabeled and filtered as
previously described by Morillo et al. (2010).
Flow cytometry was performed with a FACSAria cytometer (BD Bio-
sciences) equipped with a double argon (488 nm) and helium-neon laser
(633 nm). Data were collected by using a linear digital signal process. The
emission filters used were BP 530/30 for Alexa 488, BP 616/23 for PI, and
BP 660/20 for Alexa 647. Data were analyzed with FACSDiva (BD Bio-
sciences) and Weasel 3.0.1 (Walter and Eliza Hall Institute of Medical
Research, Melbourne, Australia) software, and displayed using biexpo-
nential scaling. Electronic compensation for fluorochrome spectral over-
lap during multicolor immunofluorescence analysis was performed
when needed as described by Herzenberg et al. (2006). Cellular debris,
which was clearly differentiated from nuclei due to its inability to incor-
porate PI, was gated and excluded from the analysis. DNA content his-
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tograms were generated excluding doublets and clumps by gating on the
DNA pulse area versus its corresponding pulse height (Nunez, 2001).
The exclusion of doublets was confirmed by checking theDNApulse area
versus the pulse width of the selected population. The percentage of 4C
nuclei was quantified by using the ModFit software package (Verity). A
minimum of 15,000 and 20,000 nuclei were analyzed for the CTIP2-
positive and NeuN-positive (including the double NeuN/Erg-1 analysis)
populations, respectively. Approximately 15,000–20,000 cells were used
for the analysis of tetraploidy in calbindin neurons.
Fluorescent in situ hybridization. Isolated cell nuclei from cerebral cor-
tex of 2-month-oldmice were immunolabeled with anti-CTIP2 antibod-
ies and counterstained with PI. Cell nuclei were then subjected to
fluorescence-activated cell sorting (FACS) to isolate CTIP2-positive nu-
clei with 2C or 4C DNA content. Suspensions of nuclei were subse-
quently centrifuged at 300 g, and the pellets were then fixed with
ethanol (Merck)/glacial acetic acid (Merck) (3:1) for 30 min. The fixed
nuclei were dropped onto wet slides and dried overnight at room tem-
perature. Fluorescent in situ hybridization (FISH)was performed using a
Poseidon TK (11qE1)mouse probe (KreatechDiagnostics) following the
indications of the manufacturer. This probe recognizes mouse chromo-
some 11. Nuclei were finally stained with 100 ng/ml DAPI for 2 min.
After dehydration with 70% ethanol, 90% ethanol, and 100% ethanol,
coverslips were air dried and mounted with ProLong Gold Antifade Re-
agent (Invitrogen).
Slide-based cytometry. Slide-based cytometry (SBC) is a well standard-
ized method for DNA quantification in tissue sections (Mosch et al.,
2007; Morillo et al., 2010). Mosch et al. (2007) have shown a close cor-
relation between SBC and FISH or real-time PCR-dependent DNA
quantification. The relative DNA content present in CTIP2-positive nu-
clei was analyzed by SBC in coronal cryosections (15m) obtained from
cerebral cortex of E17.5mouse embryos, a stage at which neurogenesis of
layer V–VI has finished (Caviness, 1982). To this end, cryosections were
immunostained with the anti-CTIP2 antibody as described above and
labeled with 100 ng/ml DAPI prepared in PBS/0.1% Triton X-100 con-
taining 1% FCS. The sections were finally washed five times in PBS con-
taining 0.1% Triton X-100, once in PBS, and then they were mounted in
glycerol/PBS (1:1). CTIP2-positive immunostaining and DAPI labeling
was then recorded with a Nikon E80i microscope equipped with a DXM
1200 digital camera (Nikon), using a 20 magnification objective. The
integral density of DAPI as well as the area of CTIP2-positive nuclei,
obtained as arbitrary units, was quantified using the freely available Im-
ageJ software (National Institute of Health, Bethesda, MD). Data were
converted to fcs format using the CsvToFcs module available at the Ge-
nePattern Web site (http://genepattern.broadinstitute.org) (Reich et al.,
2006), and analyzed with the flow cytometric software described above.
In total, 8004 CTIP2-positive nuclei from the cerebral cortex of two
different embryos were analyzed in this study (5860 cell nuclei from the
prefrontal and motor cortex and 2144 from visual cortex).
Results
An optimized flow cytometric assay for the analysis of DNA
content in fresh cell nuclei
An optimized procedure for measuring DNA content in brain
cells was developed based on flow cytometry performed with
fresh cell nuclei (Fig. 1). For this analysis, it was first required to
discriminate homogeneous nuclear populations from cell debris
using forward scatter/side scatter biplots (Fig. 1Aa, polygonal
line). Then, the proportion of tetraploid nuclei within the gated
nuclear population was quantified. Doublets of diploid nuclei
were discarded using the standard pulse processing method (for
review, seeNunez, 2001), thus assuring that the gated events with
a double amount of DNA accurately represent tetraploid nuclei.
Doublet discrimination by the pulse processing method is based
on the length of time the fluorescent signal requires to be re-
corded as well as its intensity (Fig. 1B). The time that elapses
during the passage of a PI-labeled event through the laser beam is
registered as the peak width (W), while the maximal intensity of
the signal is recorded as the peak height (H). In addition, the
integrated area of the peak is registered as the peak area (A).
Therefore, tetraploid events can easily be discriminated from
doublets of diploid events due to the higher H/A ratio of their PI
signal (Fig. 1Ab,B). Our analysis included an additional criterion
for tetraploidy based on the W/A ratio of the PI signal, which is
higher in doublets of diploid events than in tetraploid events (Fig.
1B). This criterion confirmed that the gated nuclear population
shown in Figure 1, Ab, polygonal line, does not contain doublets
of diploid nuclei since the population with high W/A rate is ab-
sent (Fig. 1Ad, dashed line). Importantly, our analysis also al-
lowed us to discriminate chick singlet/doublet nuclei, obtaining
similar results with preparations of cell nuclei obtained from the
posthatch chick telencephalon (data not shown).
In our hands, flow cytometric analyses performed with fresh
nuclei consistently resulted in histograms with lower coefficients
of variation (CV) compared with the analyses performed with
ethanol-fixed nuclei (Fig. 1C, top). The low CV values observed
with fresh nuclei are likely due to the absence in our preparations
of cell debris both in solution and adhered to the nuclei (Fig. 1C,
bottom).Moreover, nuclearmarker immunostaining of ethanol-
fixed cell nuclei systematically yielded higher backgrounds (Fig.
1D) than immunolabeling performed in fresh cell nuclei (Fig.
2A,F). This indicates that the use of fresh cell nuclei for flow
cytometry represents a reliable method for the analysis of neuro-
nal tetraploidy, provided that neuronal nuclearmarkers are avail-
able for immunolabeling.
Themouse cerebral cortex contains tetraploid neurons
As indicated above, isolated unfixed nuclei can be immunola-
beled with nuclear neuronal markers such as NeuN (Fig. 2A,B),
and the DNA content present in singlet nuclei can be quantified
by flow cytometry as a function of the intensity of PI labeling. In
our experiments, nuclei were considered to be positive for NeuN
onlywhen the intensity of the signal was above that obtainedwith
secondary antibody alone (Fig. 2B, dark gray). This procedure
allowed us to reliably quantify the proportion of NeuN-positive
nuclei in the cerebral cortex showing 4C DNA content (Fig. 2C).
This analysis evidenced that most tetraploid nuclei were immu-
nopositive for NeuN (Table 1; Fig. 2C–E), as previously observed
in the retina (Morillo et al., 2010), thus demonstrating that tet-
raploidy in the murine cerebral cortex is mainly associated with
neurons.Our results indicated that3%of cortical neurons con-
tained a double amount of DNA at both postnatal day 0 (P0) and
2 months (Table 1), suggesting that the final proportion of neu-
ronal tetraploidy is already reached at P0 and that it does not
change substantially during adulthood.
The stable proportion of neuronal tetraploidy as mice get
older could also be explained in terms of continuous death of
tetraploid neurons, whichwould be replaced by new diploid neu-
rons undergoing DNA duplication. To test this alternative hy-
pothesis, we first studied the presence of apoptotic cells in the
cerebral cortex frommice of 1 month of age, an intermediate age
between P0 and 2 months. This analysis demonstrated the ab-
sence of apoptosis in the cerebral cortex, as evidenced by terminal
deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling (TUNEL) staining in either sections (n  2 mice)
(Fig. 3A, bottom) or fresh cell nuclei subjected to flow cytometry
(n  2 mice) (Fig. 3B, bottom). In contrast, positive controls
treated with DNase showed high levels of TUNEL staining (Fig.
3A,B, top). We next tested the capacity of cortical neurons to
reactivate the cell cycle and duplicate their DNA. Since BrdU can
be toxic if administered for long periods (Kimbrough et al.,
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2011), we decided to perform this analysis in cortical sections
fromFuccimice, immunolabeledwithNeuN-specific antibodies.
Fucci mice express human geminin fused to monomeric Azami
Green (mAG) protein, and show green nuclei in cells that un-
dergo S/G2 phase (Sakaue-Sawano et al., 2008). These mice con-
tain a similar proportion of tetraploid neurons in the cerebral
cortex as those observed in wild-type mice (data not shown). As
expected, cells located in the subventricular zone along the lateral
ventricles of 1-month-old Fucci mice often contained green nu-
clei (Fig. 3C), likely representing adult neuronal precursors. In
contrast, no evidence for green labeling in NeuN-positive nuclei
was found in the cerebral cortex of these mice (18 sections from
two different mice) (Fig. 3C). Unfortunately, flow cytometry
could not be used for the detection of green labeling in fresh cell
nuclei from Fucci mice since the mAG-fused protein is lost dur-
ing the nuclear isolation process (data not shown). Overall, we
conclude that the cortical tetraploid neurons observed in the
adult brain are likely those born during development, which can
survive in the adult brain.
The telencephalon of posthatch chick contains
tetraploid neurons
To verify whether tetraploid neurons can also be detected in tel-
encephalic derivatives of other species, a similar approach as that
described above was performed with the telencephalon of the
posthatch chick. Cell nuclei isolated from the telencephalon were
immunostained with anti-NeuN antibodies (Fig. 2F,G), and
subjected to flow cytometric analysis after PI labeling. As in the
case of the mouse cerebral cortex, most nuclei showing 4C DNA
content were immunopositive for NeuN (Table 1; Fig. 2H–J),
and3% of NeuN-positive nuclei isolated from the telencepha-
lon of the posthatch chick contained a double amount of DNA
(Table 1).
Tetraploid neurons in the murine cerebral cortex respond to
environmental signals
The immediate early genes (IEG) Erg-1 and c-fos have been ex-
tensively used as markers for functional activity in neurons (Kac-
zmarek and Chaudhuri, 1997; Knapska and Kaczmarek, 2004),
Figure 1. Electronic gating procedure formurine nuclear samples stainedwith PI and analyzed by flow cytometry.A, Fresh cell nuclei were isolated from the cerebral cortex of 2-month-oldmice,
stained with PI, and subjected to flow cytometric analysis. Nuclei were gated (polygonal box) on forward scattering area (FCS-A), a measure of particle size, and side scattering area (SSC-A), a
measure of particle complexity (a). DNA contentwas then assessed from the gated nuclear population by plotting Propidium Iodide-H versus Propidium Iodide-A levels. Diploid and tetraploid nuclei
were subsequently gated from these plots (polygonal box),while the doublets of diploid nucleiwere discarded (b). DNA contentwas also assessed from the gated nuclear population ina by plotting
Propidium Iodide-W versus Propidium Iodide-A levels. Tetraploid nuclei are surrounded by a solid line while doublets of diploid nuclei are surrounded by a dotted line (c). When DNA content is
assessed from the gated nuclear population inbby plotting Propidium Iodide-Wversus Propidium Iodide-A levels, doublets of diploid nuclei (dotted line) disappear (d), thus demonstrating that our
gating procedure is an efficient method for analysis of diploid and tetraploid (solid line) nuclei. B, Scheme illustrating the method used for doublet discrimination based on the pulse-processing
method.When a PI-labeled nucleus passes through the laser beama fluorescent signal is converted into an electrical pulse defined by itswidth (W), itsmaximal intensity (H), and its integrated area
(A). The signal recorded from a tetraploid nucleus (c) has a double H value compared with a diploid nucleus (a), whereas a doublet of diploid nuclei (b) results in a fluorescent signal with doubleW
value comparedwith that of a diploid nucleus. Therefore, tetraploid nuclei can easily be discriminated fromdoublets of diploid nuclei due to the H/A and theW/A ratio of their PI signal. C, Cell nuclei
isolated from the cerebral cortex of 2-month-oldmicewere either stainedwith PI and subjected to flow cytometric analysis (Unfixed) or fixed in ice-cold 70%ethanol overnight before stainingwith
PI and flow cytometric analysis (EtOH-fixed). Bottom, Illustrates the aspect of the fresh and ethanol-fixed nuclei, counterstained with DAPI. Top, Illustrates representative DNA content histograms
fromeither unfixedor ethanol-fixednuclei. Flowcytometric analyseswereperformed inparallel. CV (C.V.) are shown.Note that the CV is lowerwhen freshnuclei are analyzed.D, Ethanol-fixednuclei
immunostained with an anti-NeuN antibody and counterstained with DAPI demonstrate a lot of staining background, which likely explains the increased CV. Scale bars: C, 10m; D, 20m.
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including aneuploid projecting neurons
(Kingsbury et al., 2005). These IEGs are
rapidly and transiently expressed in re-
sponse to a variety of stimuli, including
ongoing synaptic activity in the adult
brain (Loebrich andNedivi, 2009). To de-
termine whether tetraploid neurons can
express these markers, nuclei isolated
from the cerebral cortex of 2-month-old
mice were double labeled for NeuN and
either Erg-1 (Fig. 4A) or c-fos (data not
shown), labeled with PI, and then sub-
jected to flow cytometric analysis discard-
ing doublets and analyzing ploidy as
described above. Figure 4, B–E, illustrates
the gating procedure for identifying the
different nuclear populations based on
the expression of NeuN and Erg-1. For
this analysis controls with only secondary
antibodies, or secondary antibodies with
each primary antibody, were used for de-
termination of the threshold for each sig-
nal (Fig. 4B–D). DNA content analysis for
each of the different populations demon-
strated that 88.50 1.76% (mean SEM;
n  12) of the tetraploid neurons ex-
pressed Egr-1 above background (Fig.
4G). This percentage was slightly higher
than the proportion of diploid neurons
showing Egr-1 expression (80.25 
3.56%; mean  SEM; n  7; p  0.005,
Student’s t test) (Fig. 4G). Likewise, a sim-
ilar analysis performed with antibodies
against c-Fos demonstrated that 89.67 
6.40% (mean SEM; n 3) of the tetra-
ploid neurons expressed this IEG above
backgroundwhile c-Foswas detected only
in 85.69 5.81% (mean SEM; n 3) of
diploid neurons. Overall, these results in-
dicate that tetraploid neurons are func-
tionally active and can respond to
environmental signals in the adult cere-
bral cortex.
Most tetraploid neurons in the mouse
cerebral cortex express CTIP2
To get insight into the identity of the tet-
raploid neurons present in the mouse ce-
rebral cortex, and whether they constitute
a population of long-range projection neurons, as it occurs in the
retina (Morillo et al., 2010), flow cytometric analyses were per-
formed after immunolabeling of isolated cortical cell nuclei with
an antibody specific for CTIP2 (Fig. 5A,B). This antibody recog-
nizes a transcription factor specific for subcortical projection
neurons present in layers V and VI of the mouse neocortex (Ar-
lotta et al., 2005). This analysis evidenced that 65% of tetrap-
loid nuclei showed intense CTIP2 immunolabeling (Table 2; Fig.
5C), indicating that neuronal tetraploidy in the cerebral cortex is
largely associated with projection neurons. Moreover, this anal-
ysis demonstrated that5% of total CTIP2-positive nuclei were
tetraploid at both P0 and 2 months (Table 2; Fig. 5C–E), thus
demonstrating that only a subpopulation of projection neurons
becomes tetraploid, as observed in the retina where most RGCs
show a 2C DNA content in their nuclei (Morillo et al., 2010).
These results also indicate that, as in the case of the NeuN-
positive nuclei with 4C DNA content, the proportion of CTIP2-
positive tetraploid nuclei did not change during adulthood.
Figure 2. Somatic tetraploid neurons in the mouse cerebral cortex and chick telencephalon. A, Cell nuclei isolated from the
cerebral cortex of 2-month-old mice immunostained with an anti-NeuN-specific antibody and counterstained with DAPI. Arrow,
An NeuN-positive nucleus. B, Cell nuclei immunostained with the anti-NeuN antibody (-NeuN) or with the secondary antibody
alone (Control) were PI stained and subjected to flow cytometric analysis. Right, Illustrates the threshold used for the discrimina-
tion of NeuN-positive nuclei. C, DNA content (Propidium Iodide-A) plotted against NeuN signal intensity (FITC-A) demonstrates
thatmost nuclei with 4C content are positive for NeuN immunolabeling.D, DNA content histogram fromNeuN-negative nuclei. E,
DNA content histogram fromNeuN-positive nuclei. See Table 1 for quantitative data. F, Cell nuclei isolated from the telencephalon
of posthatch chicks immunostained with an anti-NeuN-specific antibody and counterstained with DAPI. Arrow, An NeuN-positive
nucleus.G, Cell nuclei immunostainedwith theanti-NeuNantibody (-NeuN)orwith the secondary antibodyalone (Control)were
PI stained and subjected to flow cytometric analysis. Right, Illustrates the threshold used for the discrimination of NeuN-positive
nuclei.H, DNA content (Propidium Iodide-A) plotted against NeuN signal intensity (FITC-A) demonstrates thatmost nuclei with 4C
content are positive for NeuN immunolabeling. I, DNA content histogram from NeuN-negative nuclei. J, DNA content histogram
from NeuN-positive nuclei. See Table 1 for quantitative data. Scale bar, 20m.
Table 1. Percentage of tetraploid nuclei with NeuN-specific immunolabeling and
NeuN-positive nuclei with tetraploid content inmouse cerebral cortex and chick
telencephalon
Tissue
% NeuN nuclei
in the 4C population
(mean SEM)
% NeuN nuclei
with 4C DNA content
(mean SEM) n
Mouse neocortex (P0) 98.66 0.61 3.17 0.15 8
Mouse neocortex (2 month old) 95.21 0.71 3.12 0.29 13
Chick telencephalon (posthatch) 98.30 0.40 2.98 0.22 5
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The presence of CTIP2-positive cell nuclei with double the
normal amount of DNA in the cerebral cortex was confirmed by
SBC, a method able to reliably quantify DNA in tissue sections
(Mosch et al., 2007;Morillo et al., 2010). This procedure provides
spatial information about the areas in which CTIP2-positive nu-
clei showing 4C DNA content can be detected. To this aim, para-
sagittal cryosections including the cerebral cortex of mouse
embryos were immunostained with an anti-CTIP2 antibody and
counterstained with DAPI. We used embryos because of the
lower background of DAPI staining when compared with that in
adult tissues. E17.5 was chosen because at this stage all neurons
from cortical layers V–VI and most neurons from other layers
have already been generated (Caviness, 1982). Immunostaining
with CTIP2 antibodies resulted in a dual pattern characterized by
high levels of CTIP2 protein in neurons from layer V, while
CTIP2 expression level in layer VI neurons was much lower (Fig.
5F), as previously described by McKenna et al. (2011) for post-
natal cortical stages. The relative DNA content in the nuclei of
CTIP2-positive neurons was estimated as a direct function of
total DAPI intensity levels (see Materials and Methods). Using
this approach we could observe CTIP2-positive nuclei with DNA
content near 4C (Fig. 5G), located in both layer V (Fig. 5F,H)
and VI (data not shown) of the cerebral cortex. Tetraploid cell
nuclei were detected in the visual cortex (Fig. 5F–H) as well as in
the other cortical areas that were studied such as the prefrontal
and motor cortex (data not shown), indicating that tetraploid
neurons are widely located throughout the whole cortex. Several
areas within the different cortical regions analyzed were observed
to contain an elevated proportion of overlapping nuclei, which
forced us to exclude them from the analysis. Since we cannot be
sure that these regions contain a similar proportion of tetraploid
neurons as in the low nuclear density areas, we cannot provide a
reliable quantification of neuronal tetraploidy in cortical CTIP2-
positive nuclei using the SBC method.
Finally, FISH analysis performed on CTIP2-positive neuronal
nuclei isolated by FACS further confirmed the presence of both
diploid (Fig. 5I) and tetraploid nuclei (Fig. 5J) in these neurons.
The telencephalon of posthatch chick contains
CTIP2-positive tetraploid neurons
Flow cytometry was also performedwith cell nuclei isolated from
the telencephalic derivatives of posthatch chick to evaluate the
presence of tetraploid neurons expressing CTIP2 in the telen-
cephalon of this species (data not shown). This analysis indicated
that80% of tetraploid nuclei showed intense immunolabeling
for CTIP2 (Table 2). In addition,4% of CTIP2-positive nuclei
were observed to show 4CDNA content (Table 2). Therefore, the
chick telencephalon has a similar proportion of CTIP2-positive
tetraploid neurons as the mouse cerebral cortex.
Figure 3. Absence of tetraploid neuron turnover in 1-month-oldmice.A, TUNEL staining in cryosections (12m) from the cerebral cortex of 1-month-oldmouse treatedwith DNase (DNAse)
or left untreated (DNAse), immunostainedwith an anti-NeuNantibody, and counterstainedwithDAPI.B, Flow cytometric analysis of fresh cell nuclei from1-month-oldmouse cortex treatedwith
DNase (DNAse) (positive control), or left untreated (DNAse), and subjected to TUNEL staining either in the presence (TDT) or absence (TDT) (negative control) of terminal deoxynucleotidyl
transferase. Quality of cell nuclei was evaluated using DAPI counterstaining (top). C, Cryosections (12m) from the cerebral cortex of 1-month-old Fucci mouse immunostainedwith an anti-NeuN
antibody and counterstainedwith DAPI. Nuclei labeledwith geminin/mAG (Fucci), representing cells in S/G2, can be observed in the subventricular zone (arrow). Bottom, Highmagnifications of the
dashed rectangle from the top. Cx, cortex; v, ventricle. Scale bars: A top, B, 40m; A bottom, C, 100m.
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p75NTR is expressed in the neuroepithelium of the mouse
telencephalon during the generation of CTIP2 cortical
neurons
We have previously shown that the use of blocking antibodies
against p75NTR during the period of RGCgenesis is able to reduce
the proportion of tetraploid neurons in the developing chick ret-
ina (Morillo et al., 2010). In situ hybridization data available at
GenePaint (http://www.genepaint.org) (Visel et al., 2004) indi-
cate that the Ngfr gene encoding p75NTR is expressed in the tel-
encephalic neuroepithelium of E10.5 mice (GENEPAINT Set ID
MH318), a stage at which generation of layer VI neurons is about
to start (Caviness, 1982). These observations suggest that p75NTR
participates in the induction of neuronal tetraploidy in the mu-
rine cerebral cortex.
We therefore studied whether p75NTR is expressed in the tel-
encephalic neuroepithelium during the period of generation of
neurons from cortical layers V andVI, which in themouse occurs
from E11.5 to E13.5 (Caviness, 1982). To this aim, E12.5 mouse
embryoswere pulse labeledwith BrdU for 30min, fixed, and then
subjected to cryosectioning. Coronal cryosections containing the
cerebral cortex were then triple immunostained with specific an-
tibodies against p75NTR, BrdU, and the early neuronal marker
III-tubulin (Lee et al., 1990). Finally, cell nuclei were then coun-
terstained with DAPI. This analysis demonstrated that p75NTR
can be readily detected in scattered cells located within the ven-
tricular zone (Fig. 6A), and that some of these cells show immu-
noreactivity for BrdU (Fig. 6A, arrows). Interestingly, p75NTR/
BrdU-double positive cells are often expressing high levels of the
early neuronal marker III-tubulin (Fig. 6A), a situation remi-
niscent of what can be observed during RGC tetraploidization in
the chick retina (Morillo et al., 2010). Altogether, these results
suggest that p75NTR may participate in the generation of tetrap-
loid neurons in the cerebral cortex.
p75NTR-specific staining could also be detected in a popula-
tion of CTIP2-positive postmitotic neurons, as evidenced by
double immunostaining performed in sections from cerebral
cortex of E12.5, E14.5, and E16.5 mouse embryos using antibod-
ies specific for both p75NTR and CTIP2. At E12.5 only a small
number of CTIP2-positive nuclei could be observed at the mar-
ginal zone, most of them being positive for p75NTR (Fig. 7A). At
E14.5 and E16.5, p75NTR was observed in a subpopulation of
CTIP2-positive cells (Fig. 7B,C). In contrast with the strong
p75NTR labeling during development, the cerebral cortex of
1-month-old mice showed only background staining (Fig. 7D).
In contrast, p75NTR was clearly observed in the basal forebrain of
1-month-old mice (Fig. 7E), as previously described by others
(Yan and Johnson, 1989).
Cell cycle-reactivating cortical neurons express Rb
In contrast with the chick retina, where RGCs becoming tetrap-
loid lack retinoblastoma (Rb) protein (Morillo et al., 2010), dif-
ferentiating cortical neurons that reactivate the cell cycle (i.e.,
III-tubulin-positive, BrdU-positive cells) were observed to ex-
press Rb (Fig. 6B). Therefore, the mechanism regulating neuro-
nal tetraploidization in cortical neurons seems to differ from that
observed in the chick retina. As expected from their capacity to
incorporate BrdU, these neurons also showed immunoreactivity
for Rb phosphorylated at Ser 795 (Fig. 6C), the preferred phos-
phorylation site of cdk4/cyclin D1 in the molecule (Pan et al.,
1998). This observation is consistent with the known expression
of cdk4 and cyclin D1 by cortical neurons (Sumrejkanchanakij et
al., 2003).
p75NTR-positive subplate neurons (SPNs) are diploid
SPNs constitute a transient population of the first neurons that
are born in the mouse cerebral cortex (McQuillen et al., 2002).
These neurons express p75NTR (Allendoerfer et al., 1990), sug-
gesting that they may be susceptible to become tetraploid during
development, as it occurs with the RGCs (Morillo et al., 2010)
and the CTIP2-positive cortical neurons (this study). SPNs are
known to express Sox5 (Kwan et al., 2008; Kanold and Luhmann,
2010), a nuclear marker that can also be observed in layer V/VI
neurons (Kwan et al., 2008). Therefore, we have taken advantage
of this observation to identify the SPNs as those cortical cells
expressing Sox5 but lacking CTIP2-specific immunostaining. By
using this criterion we were able to analyze whether a subpopu-
lation of SPNs shows 4C DNA content. To this aim, fresh cell
nuclei were isolated from the cerebral cortex of P0mice, a stage in
which SPNs are still present (McQuillen et al., 2002). These cell
nuclei were then immunolabeled with both anti-Sox5 and anti-
Figure 4. Analysis of Erg-1 expression in NeuN-positive cortical cell nuclei. A, Cell nuclei
isolated from the cerebral cortex of 2-month-old mice coimmunostained with anti-Erg-1
(EGR1) and anti-NeuN (NeuN) antibodies, and counterstained with DAPI. Arrow, An NeuN/Erg-
1-double positive nucleus.B, Egr-1 andNeuN intensity signals for control nuclei lackingprimary
antibodies. C–E, Egr-1 and NeuN intensity signals for nuclei labeled with anti-Egr-1 (C), anti-
NeuN (D), or both (E) antibodies. Equal amounts of secondary antibodies were present in all
situations illustrated in B–E. F, G, DNA content (Propidium Iodide-A) in cell nuclei immuno-
stained either with anti-NeuN (F ) or with anti-NeuN and anti-Egr-1 (G), plotted against Egr-1.
Scale bar, 10m.
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Figure 5. CTIP2-positive neurons with 4C DNA content in the mouse cerebral cortex. A, Cell nuclei isolated from the cerebral cortex of 2-month-old mice immunostained with an anti-CTIP2-
specific antibody (green) and counterstainedwithDAPI (blue). Arrow,A CTIP2-positive nucleus.B, Cell nuclei immunostainedwith the anti-CTIP2 antibody (-CTIP2) orwith the secondary antibody
alone (Control) were PI stained and subjected to flow cytometric analysis. Right, Illustrates the threshold used for the discrimination of CTIP2-positive nuclei. C, DNA content (Propidium Iodide-A)
plotted against CTIP2 signal intensity (FITC-A) demonstrates thatmost nuclei with 4C content are positive for CTIP2 immunolabeling.D, DNA content histogram from CTIP2-negative nuclei. E, DNA
content histogram from CTIP2-positive nuclei. See Table 2 for quantitative data. F, Coronal cryosections (15m) obtained from cerebral cortex of E17.5mouse embryos were immunostainedwith
and anti-CTIP2 antibody (green) and labeledwith DAPI (blue) for DNA quantification.G, DNA content histogram in CTIP2-positive nuclei obtained by SBC.H, Top, A highmagnification of box shown
inF. Arrow,Nucleuswith4CDNAamount. Bottom,CTIP2-positivenucleiwereused forDNAquantificationonly in those cases inwhichDAPI signalwas clearly identifiedas a singlenucleus (numbered
nuclei). I, J, CTIP2-positive cell nuclei from the cerebral cortex of 2-month-old mice, isolated by FACS, subjected to FISH with a chromosome 11-specific probe (red), and counterstained with DAPI
(blue). Arrows, Hybridization spots. Scale bars: A, H, I, J, 10m; F, 40m.
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CTIP2 antibodies, and subjected to flow cytometric analysis. This
study demonstrated that the nuclei of the SPNs (i.e., Sox5-
positive/CTIP2-negative population) were diploid, whereas layer
V/VI neurons (i.e., Sox5-positive/CTIP2-positive population)
contained both diploid and tetraploid nuclei (Fig. 8). We con-
cluded that neuronal tetraploidy cannot be generalized to all neu-
ronal populations that express p75NTR. Moreover, this result
further stresses the specificity of our flow cytometric procedure,
able to discriminate the presence of tetraploidy between different
neuronal populations.
Neuronal tetraploidy is reduced in the
cerebral cortex of p75NTR/mice
To directly study whether p75NTR partic-
ipates in the creation of tetraploidy inmu-
rine cortical neuron, cell nuclei were
isolated from the cerebral cortex of wild-
type and p75NTR/ littermates at both
P0 and 2 months, and then they were im-
munostained with either anti-NeuN or
anti-CTIP2 antibodies, followed by DNA
labeling with PI. Flow cytometric analysis
demonstrated that the proportion of
NeuN-positive nuclei showing 4C DNA
levels was significantly reduced in the
p75NTR/ mice compared with their
wild-type littermates at P0, when the neu-
rogenesis is just finished (Caviness, 1982),
and in the adult mouse (Fig. 9A). Our
study demonstrated that this is also the
case for the subpopulation of CTIP2-
positive neurons with 4C DNA content,
since the proportion of these neurons is
significantly reduced in the p75NTR/
cerebral cortex compared with the cere-
bral cortex of the wild-type littermates
at both P0 and 2 months (Fig. 9B).
Tetraploidy is enriched in long-term
projection neurons from the striatum
To confirm that tetraploidy is mainly as-
sociated with long-range projection neu-
rons in other brain structures we focused
on the neostriatal-matrix spiny neurons.
These neurons establish long-range pro-
jections to substantia nigra and globus
pallidus (Kawaguchi, 1997) and they ex-
press bothCTIP2 (Arlotta et al., 2008) and
calbindin (Kawaguchi, 1997), a calcium-binding protein specifi-
cally expressed in subsets of adult neurons (Liu and Graybiel,
1992). This contrasts with the neocortex, where calbindin is pre-
dominant in neurons from layers II–III (Hof et al., 1999), a struc-
ture containing cortical interneurons and short-range,
corticocortical projection neurons. The cytoplasmic localization
of calbindin forced us to perform flow cytometric analyses similar
to those described byMorillo et al. (2010) for retinal neurons. To
this aim, cells were dissociated from both cerebral cortex and
striatum of adult mice (3- to 3.5-month-old mice). These cells
were then ethanol fixed and immunostained with an anti-
calbindin-specific antibody before labeling their DNAwith PI. As
expected, 80% of tetraploid striatal cells were observed to
express calbindin (Fig. 10) whereas only20% of tetraploid cor-
tical cells showed immunoreactivity for this calcium-binding
protein. Therefore, neuronal tetraploidy seems to be associated
with long-range projection neurons also in the striatum. These
results, along with our previous observations in the retina (Mo-
rillo et al., 2010), suggest that neuronal tetraploidy predominates
in subpopulations of large projection neurons throughout the
whole vertebrate nervous system.
Discussion
We have optimized a flow cytometric method for DNA quantifi-
cation in adult neurons, based on the analysis of unfixed isolated
nuclei. Using this procedure we have demonstrated that the
mouse cerebral cortex contains a small population of functionally
active, tetraploid neurons. A substantial proportion of these neu-
rons express CTIP2, a zinc finger transcription factor that speci-
fies cortical neurons from layer V–VI projecting to subcortical
Figure 6. p75 NTR and Rb expression in mouse cortical newborn neurons that incorporate BrdU. Coronal cryosections (12m)
from the cerebral cortex of E12.5mouse labeledwith BrdU for 30minwere triple immunostainedwith anti-III-tubulin (III tub.)
(white), anti-BrdU (green), and either anti-p75 NTR (p75) (A), anti-Rb (B), or anti-phospho-Rb (P-Rb) (C) (red) antibodies, and
counterstainedwithDAPI (blue). Arrows,Neuroepithelial cellswithhigh levels ofIII-tubulin immunolabeling coexpressingeither
p75 NTR (A), Rb (B), or phospho-Rb (C) and labeled with the anti-BrdU antibody. V, ventricle; VZ, ventricular zone. Scale bars: A, B,
20m; C, 15m.
Table 2. Percentage of tetraploid nuclei with CTIP2-specific immunolabeling and
CTIP2-positive nuclei with tetraploid content inmouse cerebral cortex and chick
telencephalon
Tissue
% CTIP2 nuclei in
the 4C population
(mean SEM)
% CTIP2 nuclei
with 4C DNA content
(mean SEM) n
Mouse neocortex (P0) 64.78 3.14 5.18 0.44 11
Mouse neocortex (2 month old) 63.19 2.52 4.79 0.61 13
Chick telencephalon (posthatch) 80.40 2.60 4.17 0.22 5
7496 • J. Neurosci., April 24, 2013 • 33(17):7488–7500 Lo´pez-Sa´nchez and Frade • Tetraploidization of Projection Neurons by p75NTR
targets (Chen et al., 2008). These observations, confirmed by SBC
and FISH, were extended to the chick telencephalon, suggesting
an evolutionarily conserved mechanism for the generation of
CTIP2-positive tetraploid neurons. Tetraploid neurons are likely
to be generated during early stages of cortical development
through a p75NTR-dependent mecha-
nism, thus explaining the reduction of tet-
raploid neurons in the cerebral cortex of
p75NTR/ mice. Finally, in the striatum
neuronal tetraploidy is largely associated
with neurons that project to long distance
targets, further supporting the hypothesis
that tetraploidy in the nervous system
mainly takes place in subpopulations of
long-range projection neurons.
So far, the analysis of adult brain cells
by flow cytometry has been hindered by
intrinsic difficulties of this tissue derived
from the interconnection of neural cells
and the existence of myelin debris, which
impairs the recovery of single cell suspen-
sions and increases the background. In
contrast, the use of unfixed cell nuclei for
flow cytometry has several advantages
compared with previous procedures
(Morillo et al., 2010;Westra et al., 2010) as
it reduces tissue dissociation difficulties,
gives better analytical resolution, and re-
duces the presence of artifacts. Due to the
purity of the nuclear preparations, our
procedure facilitates a reliable and quan-
titative analysis whenever a specific nu-
clear marker is available. Moreover, our
method allows representative and repro-
ducible neuronal sampling, thus resulting
in strong statistical analyses. Ourmethod,
which discriminates actual tetraploid nu-
clei from diploid nuclear doublets, has
demonstrated the existence of tetraploid
neurons in both murine and avian telen-
cephalic derivates. The specificity of our
analysis is substantiated by the differential
proportion of tetraploid neurons ob-
served in cortical nuclei from wild-type
mice versus p75NTR/mice.
Themajority of cortical nuclei with 4C
DNA content, both in mouse and in
chicken, were observed to express NeuN,
indicating that like in the retina (Morillo
et al., 2010), most tetraploid cells are neu-
rons. This observation agrees with previ-
ous studies showing tetraploid neurons in
the human cerebral cortex (Mosch et al.,
2007; Arendt et al., 2010). This also agrees
with the study byWestra et al. (2009), who
observed that, in humans, 17–48% of
frontal cortical cells with 4CDNA content
express neuronal markers. Surprisingly,
these latter authors failed to observe neu-
ronal markers in nuclei with duplicated
pairs of chromosomes (Westra et al.,
2009), an observation that contrasts with
previous results from this same laboratory
demonstrating that1.1% of cortical and hippocampal neurons
are tetrasomic for chromosome 21 (Rehen et al., 2005). Tetra-
somic nuclei have also been detected in human cortical neurons
(Mosch et al., 2007), and our results indicate that CTIP2-positive
nuclei from the mouse cortex can contain four hybridization
Figure7. Expressionof p75 NTR in CTIP2-positiveneurons. Coronal cryosections (12m) fromthe cerebral cortex (A–D) or basal
forebrain (E) of mouse at the indicated ages were immunostainedwith anti-p75 NTR (red) and anti-CTIP2 (green) antibodies. Left,
Rectangles represent the area illustrated in middle and right parts. Arrows, CTIP2-positive neurons expressing p75 NTR; arrow-
heads, CTIP2-positive neurons lacking p75 NTR expression. V, ventricle. Scale bar: A–C left, 30m; Amiddle and right, 50m; B,
Cmiddle and right, 20m; D left, 200m; Dmiddle and right, 60m; E, 60m.
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spots as revealed by FISH. Our results also indicate that a small
proportion of tetraploid nuclei lacks NeuN-specific immuno-
staining. These cell nuclei could correspond to glial cells, in ac-
cordance with the presence of tetraploid and polyploid glia in
humans (Westra et al., 2009) and Drosophila (Unhavaithaya and
Orr-Weaver, 2012), respectively.
It is likely that the cortical neurons becoming tetraploid dur-
ing development remain viable during adulthood since the same
proportion of neurons with 4CDNA content were observed at P0
and 2 months. This view is consistent with the absence of dying
cells in the cerebral cortex of 1-month-old mice, as previously
observed by Angata et al. (2007). Furthermore, no evidence was
found for the existence of cortical neurons undergoing S/G2
phase in Fucci mice, in agreement with previous studies in the
cerebral cortex of adult mouse (Magavi et al., 2000) and rat
(Dayer et al., 2005), thus ruling out a hypothetical turnover of
dying tetraploid neurons being substituted by cortical neurons
that duplicate their DNA. The existence of viable tetraploid neu-
rons in the cerebral cortex was further substantiated by the ob-
servation that most tetraploid neurons express Erg-1 and c-Fos,
two IEGs expressed in response to neuronal activity (Kaczmarek
and Chaudhuri, 1997; Knapska and Kaczmarek, 2004). There-
fore, tetraploid neurons appear to be functional and, probably,
integrated into the brain circuits as occurs with aneuploid neu-
rons (Kingsbury et al., 2005). The capacity of tetraploid neurons
to integrate in brain circuits and innervate specific target areas is
further substantiated by the experiments performed by Tomp-
kins et al. (1984) using diploid/tetraploid frog chimeras. These
authors demonstrated that the RGCs from a tetraploid eye
grafted into a diploid frog can innervate broader regions of the
target tissue as comparedwith theRGCs from the original diploid
eye. Our data also indicate that a small proportion of both tetra-
ploid and diploid neurons lack Erg-1 and c-Fos expression, an
observation consistent with the variable expression of this tran-
scription factor in the cerebral cortex (Loebrich and Nedivi,
2009).
Tetraploidy is usually associated with increased cell size (Ed-
gar and Orr-Weaver, 2001; Ullah et al., 2009). Indeed, tetraploid
neurons are known to contain larger cell somas, dendritic arbors,
and innervation areas than the diploid counterparts (Tompkins
et al., 1984; Szaro and Tompkins, 1987;Morillo et al., 2010). This
Figure 8. Analysis of tetraploidy in SPNs. Cell nuclei isolated from the cerebral cortex of
P0 mice were coimmunostained with anti-Sox5 and anti-CTIP2 antibodies, and sub-
jected to flow cytometric analysis after labeling with PI. DNA content (Propidium
Iodide-A) plotted against CTIP2 signal intensity (CTIP2 FITC-A) was evaluated in the Sox5-
positive population. The horizontal line represents the threshold for CTIP2-specific stain-
ing. The Sox5-positive/CTIP2-negative population (i.e., SPNs) mainly contains diploid
neurons.
Figure 9. Percentage of tetraploid neurons in the cerebral cortex of wild-type and
p75 NTR/ mice. A, Quantification of neuronal tetraploidy in the cerebral cortex of P0 and
2-month-old mice. The levels of tetraploidy in NeuN-positive nuclei were reduced in the cere-
bral cortex of p75 NTR/mice. B, Quantification of neuronal tetraploidy in the cerebral cortex
of P0 and 2-month-old mice. The levels of tetraploidy in CTIP2-positive nuclei were reduced in
the cerebral cortex of p75 NTR/mice. *p 0.05 (Student’s t test).
Figure 10. Enrichment of tetraploidy in calbindin-positive neurons in the mouse striatum.
A, Cells isolated from the striatumof adultmice immunostainedwith an anti-calbindin-specific
antibody and counterstainedwith DAPI. Arrow, A calbindin-positive neuron.B, Neurons immu-
nostained with the anti-calbindin antibody, isolated from the cerebral cortex (Cortex) or stria-
tum (Striatum) from P0 mice, were stained with PI and subjected to flow cytometry. The
percentage of calbindin-positive neurons in the 4C population is shown for each tissue. ***p
0.005 (Student’s t test). Scale bar, 10m.
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increase in size likely facilitates the innervation of distant targets.
Our results support the hypothesis that neuronal tetraploidy af-
fects mainly to large projection neurons, usually born at initial
stages of development. This is the case of the RGCs, the first
neurons to be born in the retina (Sidman, 1961; Prada et al.,
1991), which contains a subpopulation becoming tetraploid dur-
ing development (Morillo et al., 2010). As in the case of theRGCs,
neuronal tetraploidization in the cerebral cortex also affects to a
subpopulation of early born neurons: the pyramidal cells from
cortical layers V–VI (Caviness, 1982), but not to the SPNs.
We have demonstrated that p75NTR participates in neuronal
tetraploidization in the cerebral cortex since the proportion of
tetraploid nuclei expressing NeuN or CTIP2 becomes reduced in
the cortex of 75NTR/mice. This observation is consistent with
the expression of p75NTR by neuroepithelial cells at early stages of
cortical development, when pyramidal cells from layer V–VI are
born (Caviness, 1982). Some of these p75NTR-positive neuroep-
ithelial cells are newborn neurons since they express the early
neuronal marker III-tubulin at high levels. Importantly, a sub-
population of p75NTR-positive, newborn neurons were able to
incorporate BrdU after a short 30 min pulse, suggesting that they
were undergoing neuronal tetraploidization, as previously shown
for tetraploid RGCs (Morillo et al., 2010). p75NTR-specific im-
munoreactivity was detected in a subpopulation of CTIP2-
positive neurons at E14.5–E16.5, when these neurons project to
their targets (De Carlos and O’Leary, 1992), extending previous
observations byMcQuillen et al. (2002), who reported that SPNs
express this receptor. This raises the possibility that p75NTR could
play a role in axonal projection in these neurons, as previously
described to occur in differentiated RGCs (Yamashita et al.,
1999). Only background levels of p75NTR were detected in the
cerebral cortex of 1-month-oldmice, as previously shown (Wang
et al., 2011), suggesting that p75NTR is dispensable for long-
lasting maintenance of subcortical projections.
Interestingly, a population of tetraploid neurons remain in
the cerebral cortex of p75NTR/mice, like in the retina of chick
embryos treated with blocking antibodies against p75NTR (Mo-
rillo et al., 2010). This suggests the existence of alternative mech-
anisms involved in the generation of tetraploid neurons, which
may act synergistically with p75NTR to trigger neuronal tetrap-
loidization in the normal and pathological nervous system (Frade
and Lo´pez-Sa´nchez, 2010).
Unlike in the chick retina (Morillo et al., 2010), newborn cor-
tical neurons reactivating the cell cycle express Rb. In these neu-
rons Rb was phosphorylated at Ser795, a known substrate for
cdk4/cyclin D1 (Pan et al., 1998). This suggests that cell cycle
reactivation in differentiating cortical neurons relies on the inhi-
bition of Rb function. This hypothesis is consistent with the ob-
servations that differentiating cortical neurons incorporate BrdU
in conditional Rb/ mice (Ferguson et al., 2002) and that
Rb/ cortical cells become tetraploid in wild-type/Rb/ chi-
meric mice (Lipinski et al., 2001); both effects are compatible
with neuronal survival. Rb phosphorylation at Ser795 in differ-
entiating cortical neurons is consistent with the expression of
cyclinD1 and cdk4 in these cells (Sumrejkanchanakij et al., 2003).
Nevertheless, phosphorylation of Rb in these neurons might also
be triggered by p38MAPK (Wang et al., 1999), JNK (Chauhan et
al., 1999), or ERK (Guo et al., 2005), which are known to be
activated by p75NTR (Casaccia-Bonnefil et al., 1996; Susen et al.,
1999; Morillo et al., 2012).
In sum, we provide evidence that somatic tetraploidization
represent a commonmechanism creating neuronal variability in
the normal nervous system of vertebrates. This mechanism,
which in part depends on p75NTR signaling, is mainly associated
with long-range projection neurons, such as RGCs, pyramidal
cells from cortical layers V-VI, as well as neostriatal-matrix spiny
neurons. Further studies will be required to fully understand the
actual mechanism leading to cell cycle reactivation and tetrap-
loidization in cortical neurons.
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